In conventional DNA fingerprinting, hypervariable and repetitive sequences (minisatellite or microsatellite DNA) are detected with hybridization probes. As demonstrated here, these probes can be used as single primers in the polymerase chain reaction (PCR) to generate individual fingerprints. Several conventional DNA fingerprinting probes were used to prime the PCR, yielding distinctive, hypervariable multifragment profiles for different strains of Cryptococcus neoformans. PCR fingerprinting with the oligonucleotide primers (GTG)5, (GACA)4, and the phage M13 core sequence (GAGGGTGGXGGXTCT), but not with (CA)8 or (CT)8, generated DNA polymorphisms with all 42 strains of C. neoformans investigated. PCR fingerprints produced by priming with (GTG)5, (GACA)4, or the M13 core sequence differentiated the two varieties of C. neoformans, C. neoformans var. neoformans (serotypes A and D) and C. neoformans var. gattii (serotypes B and C). Furthermore, strains of serotypes A, D, and B or C could be distinguished from each other by specific PCR fingerprint patterns. These primers, which also successfully amplified hypervariable DNA segments from other species, provide a convenient method of identification at the species or individual level. Amplification of polymorphic DNA patterns by PCR with these primers offers several advantages over classical DNA fingerprinting techniques, appears to be more reliable than other PCR-based methods for detecting polymorphic DNA, such as analysis of random-amplified polymorphic DNA, and should be applicable to many other organisms.
The basidiomycetous, encapsulated yeast Cryptococcus neoformans is among the most prevalent life-threatening mycotic agents. C. neofonnans is found in the environment worldwide (15, 22) , and inhalation of the yeast cells may lead to pneumonia or self-limited asymptomatic pulmonary infection. Although the overall incidence of cryptococcosis is relatively low, approximately 5 to 15% of patients with AIDS develop cryptococcal meningitis (4, 39) . Two genetically distinct varieties of C. neofornans are recognized: C. neoformans var. neofornans, isolates of which have capsular polysaccharide serotypes that are designated A, D, or AD, and C. neofornans var. gattii, which is represented by strains of serotype B or C (2, 13, 14) . Most cryptococcal infections are caused by strains of C. neoformans var. neofonnans serotype A (15, 22) , which are ubiquitous in soil and avian habitats. Strains of C. neoformans var. gattii are more common in tropical regions, such as southern California and western Australia, where they are found in association with eucalyptus trees (6, 7) . Although globally most level among strains of C. neoformans. Genetic differences were demonstrated by analysis of restriction fragment length polymorphisms in mitochondrial DNA (32) . Chromosomal length polymorphisms were revealed by pulsed-field gel electrophoresis (26, 28) . Analysis of restriction fragment length polymorphisms obtained by treating polymerase chain reaction (PCR)-amplified segments of the rRNA gene locus with restriction endonucleases distinguished several species of Cryptococcus but revealed few differences among strains of C. neoformans (23, 35) . More recently, hybridization probes based on repetitive DNA sequences from C. neoformans were shown to distinguish strains of C. neoformans from other yeasts, such as Candida albicans, as well as to discriminate among strains of C. neoformans (27, 30, 33 Table 1.) of only 2 to 10 bp arranged in tandem [31] .) More recently, the technique of RAPD analysis for genetic characterization of organisms was described. In RAPD analyses, single primers of arbitrary nucleotide sequences of ca. 10 bp are used to randomly amplify polymorphic DNA fragments from different individuals (36, 38 ). An appropriate primer may yield distinctive patterns of DNA fragments with species or strain specificity. Because both DNA fingerprinting and RAPD analyses are capable of detecting variation among strains, we reasoned that a combination of the two techniques might yield a rapid, sensitive, and more reliable method, which would be applicable to large-scale experiments.
Oligonucleotides originally designed as hybridization probes for classical DNA fingerprinting experiments to detect minisatellite and microsatellite DNA were used as single PCR primers to amplify hypervariable DNA fragments in the genome of C. neoformans and closely related species. Although the PCR-amplified, hypervariable bands may not correspond to the satellite DNA detected with conventional DNA fingerprinting, the primers used were one that detects minisatellite DNA sequences, an oligonucleotide (GAGGGT GGXGGXTCT) of the core sequence from the phage M13 (34) , and primers that detect microsatellite DNA sequences, namely, (CA)8, (CT)8, (GTG)5, and (GACA)4 (1, 8, 24) . The electrophoretic profiles that resulted from amplification with three of these primers, (GTG)5, (GACA)4, and the M13 core sequence, were highly reproducible and exhibited variation at the species, subspecies (variety), and individual strain levels. The other two primers, (CA)8 and (CT)8, did not amplify DNA from any of the strains under the same conditions. 
RESULTS
The primers (GTG)5 and (GACA)4 and the M13 core sequence primer each successfully amplified variable DNA fragments from all the strains of C. neoformans, C. albidus, C. laurentii, and R. rubra (Table 1) . The patterns generated with each of these primers were distinctive and highly reproducible ( Fig. 1 and 2 ). The primers (CA)8 and (Cr)8 did not amplify DNA from any of the strains tested. Because minor impurities might affect amplification, PCR fingerprints were generated from both crude and CsCl-purified preparations of genomic DNA from the same yeast strains, and the resulting fingerprint patterns were comparable. Since the two DNA preparations gave essentially the same PCR fingerprint pattern, crude DNA minipreps appear to be adequate for routine PCR fingerprinting. Although the intensities of individual bands sometimes varied among replicate PCR fingerprints of a given strain, the position of each band was always the same (data not shown). Others have also observed occasional variation in the intensity of bands in duplicate PCR experiments (5, 10) .
The sizes of the amplification products ranged from 0.2 to 2 kb. The number of bands obtained in the PCR fingerprint pattern depended on the primer that was used. With DNA from these yeasts, primer (GTG)5 usually produced the fewest bands (6 to 17), (GACA)4 yielded 10 to 20 bands, and the M13 core sequence primer generated 14 to 38 bands.
The PCR fingerprints produced by these three primers ( Fig. 1 and 2 ) clearly distinguished variation among strains of C. neoformans at three levels: species, variety, and individual. At the species level, the PCR fingerprint patterns of the strains of C. albidus, C. laurentii, and R rubra clearly differed from each other and from those of all of the C. neoformans isolates (Fig. 2) . Characteristic genetic variation was also observed among varieties and serotypes of C. neoformans. Figure 1 depicts the PCR fingerprints of strains that represent both varieties of C. neoformans and each of the four serotypes. Serotypes A and D of C. neoformans var. neoformans revealed two quite different fingerprint patterns. In contrast, the patterns produced by serotype B and C strains of C. neofonnans var. gattii were indistinguishable. Indeed, each primer yielded three general patterns of PCR fingerprints (Fig. 1) ; one pattern corresponded to serotype A (strain C3D), one corresponded to serotype D (strain 3502), and the third corresponded to serotypes B and C (strains n32 and n33). Each of these general patterns was characterized according to the major bands (i.e., the intense bands com-VOL. 31, 1993 on August 27, 2017 by guest http://jcm.asm.org/ Downloaded from (37) . Strains of a given serotype had coefficients between 0.7 and 0.9, indicating their close similarity (Table 3) . However, pairwise comparisons of strains of different serotypes yielded S values that were much lower, except in comparisons of serotypes B and C. The greatest distinction among serotypes was achieved with the PCR fingerprint patterns generated by the (GACA)4 and M13 sequence primers. With both of these primers, calculations of the S values indicated a very low degree of similarity among the different serotypes (S c 0.12). With the oligonucleotide (GTG)5, the S values showed a higher degree of similarity among strains of different serotypes (S values between 0.18 and 0.56).
and NB are the total number of bands for the strains to be compared and NAB
DISCUSSION
The application of conventional DNA fingerprinting hybridization probes as single primers in the PCR combines the advantages of DNA fingerprinting with those of the PCR. The high degree of DNA polymorphism detected by conventional multilocus probes in DNA fingerprinting experiments is combined with the technical simplicity and speed of the PCR method, facilitating large-scale experiments. The conventional fingerprint procedure entails extraction of genomic DNA, usually by the CsCl method, digestion with restriction enzyme(s), separation of the DNA fragments by agarose gel electrophoresis, denaturation, blotting of single-stranded DNA to a membrane, hybridization of the membrane-bound DNA with a labeled oligonucleotide probe, washing, and detection of bands by autoradiography or a nonradioactive label. In contrast, the PCR procedure involves only extraction of genomic DNA (by CsCl or rapid minipreparation), amplification with the oligonucleotide, separation of the PCR products by agarose gel electrophoresis, and analysis of photographed bands.
PCR fingerprinting is demonstrated here by comparing strains of C. neoformans representing both varieties and the four serotypes. The procedure is highly reproducible, and as observed with C. neofornans (Fig. 2) and Candida species (unpublished data), strains of a species can be readily distinguished by species-and strain-specific bands. PCR fingerprinting has a greater discriminatory power than electrophoretic karyotyping. Recent data showed that several strains of C. neoformans from different geographic locations possessed the same karyotype (25a) but were distinguishable by PCR fingerprinting (unpublished data). We are currently determining the sequences of several dominant PCR fingerprint fragments (Table 2) .
Reproducible fingerprint patterns require standardized conditions, such as the same concentrations of reagents (e.g., buffer, dNTPs, and magnesium acetate) and the same thermal cycler and cycling conditions. Slight variations in conditions may explain the occasional variations in band intensities. We have observed some interlaboratory variability (unpublished observation), but when the same cycler, reagents, and electrophoretic and other conditions are repetitively tested within a laboratory, multiple tests of an individual strain generate identical PCR fingerprints. We are also investigating the stability of PCR fingerprints after storage, exposure to antifungal drugs, or passage through animals.
Strains of serotypes B and C were nearly indistinguishable, suggesting less genetic variability than among strains of serotypes A and D. Depending on the primer, the S values for serotypes B and C of strains of C. neoformans var. gattii varied from 0.72 to 0.86. However, using classical DNA fingerprinting and a different probe, as well as a larger number of isolates of serotypes B and C, Varma and Kwon-Chung observed greater variation among serotypes B and C than among serotypes A and D (33) . We intend to collect and examine many more strains of each serotype from a variety of sources. With all three primers used here, DNA from the nonencapsulated strain 602 generated a PCR fingerprint pattern similar to that of strains of serotype A (data not shown), which was also reported by Varma and Kwon-Chung (33).
The method described here also provides additional information for improving the established systems of classification of medically important fungi. For example, it is now convenient to obtain DNA data about the serotype of any C. neoformans isolate along with a strain-specific PCR fingerprint band pattern. This technique should be able to be used to answer many important epidemiological questions concerning the distribution and dispersal of genetically distinct isolates.
